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ABSTRACT
Chondrites are one of the most primitive objects in the solar system, and keep the record of the
degree of thermal metamorphism experienced in their parent bodies. This thermal history can be
classified by the petrologic type. We investigate the thermal evolution of planetesimals to account
for the current abundances (known as the fall statistics) of petrologic types 3 - 6 ordinary chondrites.
We carry out a number of numerical calculations in which formation times and sizes of planetesimals
are taken as parameters. We find that planetesimals that form within 2.0 Myr after the formation of
Ca-Al-rich inclusions (CAIs) can contain all petrologic types of ordinary chondrites. Our results also
indicate that plausible scenarios of planetesimal formation, which are consistent with the fall statistics,
are that planetesimals with radii larger than 60 km start to form around 2.0 Myr after CAIs and/or
that ones with radii less than 50 km should be formed within 1.5 Myr after CAIs. Thus, thermal
modelling of planetesimals is important for revealing the occurrence and amount of metamorphosed
chondrites, and for providing invaluable insights into planetesimal formation.
Keywords: meteorites, meteors, meteoroids – planets and satellites: formation
1. INTRODUCTION
Planetesimals are one of the central objects that play
crucial roles in planet formation (e.g., Pollack et al.
1996; Ida & Lin 2004; Mordasini et al. 2009). It has
been suggested for a long time that planetary cores were
built from planetesimal collisions and resulting mergers
in protoplanetary disks (e.g., Wetherill & Stewart 1989;
Kokubo & Ida 1998; Morishima et al. 2010; Raymond
et al. 2014). The presence of planetesimals in planet-
forming regions can also affect the orbital evolution of
protoplanets there, which is referred to as planetesimal-
driven migration (e.g., Levison et al. 2010; Kominami
et al. 2016). More recently, planetesimals has been re-
garded as the main contributor for metal enrichment
of Jovian planets both in the solar system and extra-
solar planetary systems (e.g., Saumon & Guillot 2004;
Miller & Fortney 2011; Mordasini et al. 2016). These
are all regulated by the dynamics of planetesimals, and
hence are determined by the properties of planetesimals
such as their abundances and masses. Thus, it is of fun-
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damental importance to identify and characterize when
and how planetesimal formation takes place in proto-
planetary disks for fully exploring the formation and
migration histories of planets.
Understanding of planetesimal formation is still far
from complete despite recent progress (e.g., Johansen et
al. 2014). There are two reasons for this. One is that,
theoretically, no force (i.e., surface adhesion force or
gravity) is effective for km-sized bodies. Many of theo-
retical studies thereby attempt to establish high density
regions of solids in protoplanetary disks that eventually
become gravitationally unstable and lead to direct and
instant formation of planetesimals due to self-gravity
(e.g., Cuzzi et al. 2001; Johansen et al. 2007; Kretke
& Lin 2007). The other is that, observationally, plan-
etesimals are invisible at almost all wavelengths in the
nearby star-forming regions. This arises from the fact
that emission from gas and dust and their scattered light
become generally dominant in the observations. Inves-
tigating planetesimals is therefore not straightforward
even for nearby, young stars.
The solar system stands out in exploring planetesimal
formation. This is because we can obtain key informa-
tion from asteroids and meteorites. It is reasonable to
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2consider that asteroids are the remnants of planetesimals
that survived a number of constructive and destructive
events occurring over the age of the solar system (e.g.,
Bottke et al. 2005a,b; Morbidelli et al. 2009; Zheng et al.
2017; Tsirvoulis et al. 2018). In other words, asteroids
are unique objects that contain a wealth of information
about planetesimals. There are completed and ongoing
sample return missions for investigating the composition
of asteroids: Hayabusa, OSIRIS-REx, and Hayabusa 2.
For instance, the Hayabusa revealed that the chemical
and isotopic compositions of particles on the asteroid
Itokawa are similar to those of meteorites falling onto
the Earth (e.g., Nakamura et al. 2011; Yoshikawa et al.
2015). Asteroids can also be used as a probe to specify
the size distribution of planetesimals. Indeed, theoreti-
cal studies suggest that primordial planetesimals would
be larger than 100 km in diameter in order to explain
the size distribution of current main belt asteroids (e.g.,
Bottke et al. 2005a; Morbidelli et al. 2009; Tsirvoulis et
al. 2018). Thus, asteroids give a number of invaluable
insights about planetesimals. It is however important
to realize that these insights are derived from the cur-
rent status of asteroids, and hence one has to take into
account the full history of a number of events that oc-
curred for asteroids.
Meteorites act as important and complimentary ob-
jects for understanding planetesimal formation (e.g.,
McSween 1999). This is because they literally contain
the fossil record of how the solar system formed. For
example, chondrites are known as the most primitive
meteorites and contain the first condensed materials in
the solar system, called Ca-Al-rich inclusions (CAIs)
(e.g., MacPherson 2005). It is well known that the
age of the solar system is measured from CAIs, which
is 4567.30±0.16 million years (e.g., MacPherson et al.
1995; Amelin et al. 2010; Connelly et al. 2012; Davis &
McKeegan 2014). Also, the detailed chemical and iso-
topic analyses of meteorites suggest that planetesimals
should have formed soon after CAI formation and con-
tinued for about a few million years (Davis et al. 2014;
Gail et al. 2014; Blackburn et al. 2017). Moreover, mete-
orites contain another primitive component called chon-
drules that are considered to have formed within 5 Myr
after CAI formation (e.g., Connelly et al. 2012; Bollard
et al. 2015). The formation mechanisms of chondrules
are currently under active investigation, one of which is
highly relevant to planetesimal collisions (e.g., Johnson
et al. 2015; Hasegawa et al. 2016a,b; Wakita et al. 2017a;
Matsumoto et al. 2017).
Another remarkable feature of meteorites is that more
than forty-thousand of them are currently found. Inter-
estingly, 90% of the analyzed meteorites are ordinary
chondrites (Meteoritical Bulletin website http://www.
lpi.usra.edu/meteor/metbull.php; Grady et al. 2014).
Thanks to such abundant samples, statistical studies be-
come possible, including classification. In general, me-
teorites are grouped by their chemical composition and
texture (e.g., Van Schmus & Wood 1967; Krot et al.
2005; Scott & Krot 2005; Weisberg et al. 2006). We
here focus on the petrologic type that links to the de-
gree of thermal metamorphism. The degree of meta-
morphism is considered to reflect the maximum temper-
atures that the parent bodies of meteorites experienced
(e.g., Dodd 1981; Scott & Krot 2005; Huss et al. 2006).
Type 3 chondrites are the least metamorphosed ones
and would not pass through temperatures higher than
∼600 ◦C. Type 6 chondrites are the most highly meta-
morphosed, possibly in the environment above ∼800 ◦C,
and type 4 and 5 chondrites would be between them
(Keil 2000; Wlotzka 2005; Scott & Krot 2005; Huss et
al. 2006). Since the experienced temperatures depend
on the position inside planetesimals, previous studies
make use of thermal evolution models of planetesimals
(e.g., McSween et al. 2002; Henke et al. 2013; Gail et
al. 2014). Attempts to reproduce the fall statistics of
ordinary chondrites (Ghosh & McSween 2000; McSween
et al. 2002) have not worked well under the assumption
that parent bodies of meteorites are constituted of single
sized planetesimals.
It is, however, highly possible that ordinary chon-
drites originate from a variety of planetesimals (e.g.,
Monnereau et al. 2013; Vernazza et al. 2015; Blackburn
et al. 2017). Furthermore, the internal temperature of
planetesimals is sensitive not only to the location within
the planetesimals, but also to their formation times and
initial sizes (e.g., Gail et al. 2014; Wakita et al. 2014;
Lichtenberg et al. 2016; Ricard et al. 2017). In this
paper, therefore, we extensively investigate the thermal
evolution of planetesimals with a wide range of model
parameters such as formation times and sizes of plan-
etesimals. By comparing our numerical results with the
fall statistics of ordinary chondrites in each petrologic
type, we will specify the most plausible values of the
formation times and size distributions of planetesimals.
The plan of this paper is as follows. In Section 2,
we describe how we calculate the thermal evolution of
planetesimals with model parameters. Our numerical
results are shown in Section 3, where we discuss the de-
pendencies of the model parameters on the results. In
Section 4, we compare our results with the fall statis-
tics of ordinary chondrites and discuss implications for
planetesimals formation. Our conclusions are given in
Section 5.
32. METHODS
2.1. Thermal evolution models of planetesimals
We adopt thermal evolution models of planetesimals
that were constructed in our previous work (Wakita et
al. 2014, 2017b). We assume that planetesimals are
spherical and have the spatially uniform chemical com-
position. It is also assumed that, once planetesimals
form with a radius of Rpl at a given time (t = tpl),
they do not experience any further growth and destruc-
tive processes afterward. Then, thermal evolution of
a planetesimal is numerically calculated by solving the
equation of heat conduction,
ρc
∂T (r, t)
∂t
=
1
r2
∂
∂r
(
r2K
∂T (r, t)
∂r
)
+A exp(−λt), (1)
where t is the time measured since the formation of the
planetesimal, r is the distance from the center of the
planetesimal, T (r, t) is the temperature of materials lo-
cated at r in the planetesimal at a time t, A is the ra-
diogenic heat generation rate per unit volume, and λ is
the decay constant of the radionuclides. In our simula-
tions, decay heat arising from the short-lived radionu-
clide, 26Al is taken as the heating source of planetesimals
(e.g., Miyamoto et al. 1982). The initial temperature of
planetesimals is set at T (r, t = tpl) = −123◦C (150 K),
which is low enough not to affect the results of our calcu-
lations. We assume that physical quantities, such as ρ,
c, and K, are constant for simplicity; ρ = 3300 kg m−3,
c = 910 J kg−1 K−1, and K = 2 J s−1 m−1 K−1 are the
adopted values of the bulk density, specific heat, and
thermal conductivity, respectively (Yomogida & Matsui
1983; Opeil et al. 2010).
If planetesimals contain volatiles such as water, CO2
and organics, then different values should be adopted for
the above three quantities. Furthermore, if this would be
the case, the temperature distribution of planetesimals
would be regulated not only by thermal conductivity,
but also by transport of such volatiles. However, these
complexities should be taken into account in exploring
thermal evolution of volatile-rich bodies such as parent
bodies of carbonaceous chondrites (e.g., Grimm & Mc-
Sween 1989; Travis & Schubert 2005; Bland & Travis
2017). In this paper, we focus on parent bodies of ordi-
nary chondrites that accreted in very volatile-poor en-
vironments, and most of them are (highly) thermally
metamorphosed. Therefore, the impact of volatiles can
be negligible, except for the ones which contain a small
amount of volatiles and/or experience the least meta-
morphism. In this sense, the physical quantities used
here are reasonable, and considering heat conduction is
valid for thermal evolution of planetesimals in the con-
text of this paper.
2.2. Key model parameters
The main purpose of this study is to carry out a pa-
rameter study to determine the fundamental quantities
of planetesimals. In this paper, we introduce five param-
eters (see Table 1): the radius of planetesimals (Rpl), the
power-law index (α) for the size distribution of plan-
etesimals, the initial time (tint) at which planetesimal
formation begins, the final time (tfin) when planetesi-
mal formation ends, and the formation timescale (τf ) of
planetesimals. In the following, we describe what values
are considered for these parameters.
The typical size of planetesimals and their size distri-
bution are hardly constrained. Accordingly, we take the
broad range from Rpl = 1 km to Rpl = 500 km. We
assume that the size distribution can be described as a
power law in terms of their radius. Then, the number
(npl) of planetesimals between Rpl and Rpl + dRpl can
be written as
npl = n0 (Rpl/Rpl,0)
−α
, (2)
for Rpl,min ≤ Rpl ≤ Rpl,max, where n0 is the normal-
ization constant, and we set Rpl,0 = Rpl,min. For the
power-law index (α), we adopt four values: α = 0, 2.8,
3.5, and 4.5. In our fiducial model, we choose α = 2.8,
following Johansen et al. (2015) and Simon et al. (2016),
who propose that it would represent the primordial dis-
tribution of planetesimals.
The formation time of planetesimals is also uncertain
since their formation mechanisms are still unclear. It
nonetheless might be reasonable to consider that plan-
etesimal formation would take place when the (gaseous)
solar nebula was present. Then, we assume that forma-
tion time (tpl) is in the range of 0.1 Myr ≤ tpl ≤ 7.0
Myr. In this parameter study, we consider that the on-
set time (tint) of planetesimal formation is between 0.1
Myr and 3.0 Myr. For the termination time (tfin) of
planetesimals, we consider two cases. For one case, we
assume tpl = tint = tfin to focus on the single generation
of planetesimals (see Sections 3.1 and 3.2). For the other
case, in which multiple generations of planetesimals are
examined, tfin = 5.0 Myr or 7.0 Myr (see Sections 3.3
and 3.4). Note that in the following sections, the time is
all measured since the formation of CAIs: CAIs are re-
garded as the first condensates in the solar system that
formed 4567 Myr ago with the initial ratio of 26Al/27Al
= 5.25 × 10−5 (e.g., Connelly et al. 2012). Given that
the abundance of 26Al decreases exponentially with a
half-life of 0.72 Myr, the earlier formed planetesimals
have a higher abundance of the heating source.
The formation rate of planetesimals is another impor-
tant quantity that can affect global thermal histories
of forming planetesimals. In this paper, we simply as-
4Table 1. Summary of parameters in this study
Parameters of planetesimals Symbol Value
Radius (km) Rpl 1 - 500
Power-law index for size distribution α 0.0, 2.8, 3.5, 4.5
Initial time of formation (Myr) tint 0.1, 1.0, 1.5, 2.0, 2.5, 3.0
Final time of formation (Myr) tfin tint, 5.0 or 7.0
Timescale for the formation rate (Myr) τf 1.0, 4.0
a
aThe formation rate of planetesimals is assumed to be constant (τf =∞) for all
of the simulations, except for in Section 3.4.4.
sume that the formation rate (φ) of planetesimals is con-
stant with time for most of cases. We will also consider
the case that the formation rate of planetesimals de-
creases exponentially with time. Namely, it is given as
φ = φ0 exp(−t/τf ), where φ0 is the hypothetical forma-
tion rate of planetesimals in number at t = 0, and τf is
the formation timescale (see Section 3.4.4).
2.3. Normalization factors for mass fractions
As discussed below, we compute and examine mass
fractions of planetesimals that are normalized by the
total mass of planetesimals under consideration. Here,
we summarize the total mass of planetesimals for three
cases.
(i) The simplest case considered in this paper is that
planetesimals form at a single epoch (tpl = tint = tfin)
and have a single size (Rpl). In this case, the total mass
of planetesimals (M1) is given as
M1 = N1
4piρ
3
R3pl, (3)
where N1 is the number of planetesimals formed.
(ii) A more realistic situation is that planetesimals
form during some period (tint ≤ tpl ≤ tfin), but all of
them have the same size (Rpl). In this case, the total
mass of planetesimals (M2(t)) is written as
M2(t) =
t∑
t′=tint
φ(t′)
4piρ
3
R3pl. (4)
When t > tfin, the summation is carried out up to t =
tfin.
(iii) The most realistic case in this paper is that plan-
etesimals form over certain times (tint ≤ tpl ≤ tfin), and
they have a size distribution. Here, we assume that
the power-law index (α) and its size range (Rpl,min and
Rpl,max) do not change with time. Then, the total mass
of planetesimal (M3(t)) is given as
M3(t) =
t∑
t′=tint
φ(t′)
∫ Rpl,max
Rpl,min
dRplnpl(Rpl)
4piρ
3
R3pl. (5)
In the next section, we present the results for these
three cases.
3. RESULTS
3.1. Thermal evolution of a single-sized planetesimal
formed at a single epoch
In this section, we demonstrate the fundamental prop-
erties of thermal evolution of a single-sized planetesimal.
The results are obtained, using the following set of pa-
rameters: Rpl = 100 km, and tpl = tint = tfin = 2.0 Myr
or 2.5 Myr, that is, a single generation of planetesimals
is considered.
Figure 1 shows the results for the cases of tpl = 2.0
Myr and tpl = 2.5 Myr on the left and the right pan-
els, respectively. We first discuss the case of tpl = 2.0
Myr. The top-left panel depicts temperature evolutions
at the positions of r = 0 km, 80 km, and 90 km. Initially,
the temperature increases with time, as a result of the
continuous energy input from radionuclides 26Al. The
central region in the planetesimal (r = 0 km) achieves
the highest temperature, which exceeds 1000◦C at t =
5.5 Myr. On the other hand, the temperature at r =
80 km (r = 90 km) reaches 920 ◦C (680 ◦C) at t = 5.5
Myr (4.2 Myr). And then it starts to decrease because
the heating rate due to decay of 26Al becomes lower
than the cooling rate at the position. This means that
each position of the planetesimal has a peak tempera-
ture (Tpeak(r)) at t = tpeak(r). The bottom-left panel
of Figure 1 shows the temperature evolution at all the
positions of the planetesimal. We can see that the tem-
peratures at r ≤ 65 km follow the same evolution and
can increase to more than 1000 ◦C.
For the case of tpl = 2.5 Myr (see right panels of Figure
1), Tpeak(r) at the center is 600
◦C, demonstrating that
the planetesimal formed later has the lower Tpeak at the
same position than the earlier formed one. This indi-
cates that the thermal evolution is significantly affected
by the formation time of planetesimals.
5Figure 1. Temperature evolutions of single-sized planetesimals (Rpl = 100 km) formed at (a) tpl = 2.0 Myr and (b) tpl = 2.5
Myr. Top panels show temperature evolutions at positions of r = 0 km (red solid lines), r = 80 km (black dashed lines), and r
= 90 km (blue dotted lines), respectively. Bottom panels show temperatures at each position of the planetesimal. Each black
line is drawn every 100 ◦C.
3.2. The maximum temperature and the corresponding
mass fraction
As discussed above, the peak temperatures inside
planetesimals that are heated by radioactive nuclei are
different at different locations. For the analysis that will
be developed for understanding the origin of petrologic
type of ordinary chondrites, we manipulate the com-
puted values of the temperature (T (r, t)) as follows.
In this work, we are interested in the maximum
temperatures that planetesimals experience through
thermal evolution. Given that the peak temperatures
(Tpeak(r)) at position r are achieved at different time
(t = tpeak(r)), the maximum temperature (Tmax(r, t)) is
described as
Tmax(r, t) =
{
T (r, t) at t < tpeak(r)
Tpeak(r) at t ≥ tpeak(r),
(6)
from the temperature evolution as given in Figure 1.
The time evolutions of Tmax(r, t) are shown in the top
and middle panels of Figure 2. As is obvious from Equa-
tion (6), Tmax becomes constant after t = tpeak = 5.5
Myr (4.2 Myr) at r = 80 km (r =90 km) for tpl = 2.0
Myr.
We then introduce the mass fraction (f(t, Tth)) of
planetesimals that is determined by a threshold temper-
ature (Tth). When the single generation of planetesimals
with the single size is considered, a fraction of mass that
experiences the temperatures equal to and higher than
Tth can be computed as
f(t, Tth) =
N1
M1
4piρ
3
r3(Tmax(t) ≥ Tth), (7)
where t is explicitly labeled both in f and Tmax for
clearly representing that both quantities are functions
of time.
The bottom panels of Figure 2 show the time evolu-
tions of f(t, Tth) for different Tth. Our results show that
f(t, Tth) with higher Tth rises up as time goes later. This
is the direct reflection that the temperature at each posi-
tion increases with time (see the middle panels of Figure
2). Then, any values of f(t, Tth) become almost constant
after t ' 6 Myr for tpl = 2.0 Myr. This is because, at this
time, almost all positions already pass through Tpeak,
and Tmax no longer changes. Also, our results clearly
show that a mass fraction of the planetesimals which
undergo a high temperature is reduced for ones formed
at later times (see the bottom-right panel of Figure 2):
6Figure 2. Maximum temperatures of single-sized planetesimals (Rpl = 100 km) formed at (a) tpl = 2.0 Myr and (b) tpl = 2.5
Myr. Top panels show time evolutions of Tmax(r, t) at positions of r = 0 km (red solid lines), r = 80 km (black dashed lines),
and r = 90 km (blue dotted lines), respectively. Middle panels show Tmax(r, t) evolutions at each position of planetesimals.
Bottom panels show the mass fraction of the planetesimals, f(t, Tth), that experienced the maximum temperatures higher than
Tth, defined in Equation (7).
f(t, Tth = 600
◦C) = 0.3 and f(t, Tth = 800◦C) = 0 at
t & 7 Myr for the planetesimal formed at tpl = 2.5 Myr.
On the contrary, the planetesimal formed at tpl = 2.0
Myr has f(t, Tth = 600
◦C) = 0.76 and f(t, Tth = 800◦C)
= 0.65 at t & 7 Myr.
This clearly demonstrates that a mass fraction of plan-
etesimals that undergo the temperature above 600 ◦C
strongly depends on the formation time of planetesimals.
3.3. Multiple generations of planetesimals with the
single size
We have so far considered a single generation of plan-
etesimals, that is, tpl = tint = tfin. In general, however,
planetesimals are expected to form over some period.
Here, we present the results from multiple generations
of planetesimals (tint ≤ tpl ≤ tfin) with single sizes. As
an example, we adopt the following set of model param-
eters: Rpl = 100 km, tint = 0.1 Myr and tfin = 7.0 Myr
with a constant formation rate.
We first see the effect of planetesimal formation time
on f(t, Tth). Figure 3 plots f(t, Tth) at t = 7.0 Myr≡ tms
as a function of tpl(tint ≤ t ≤ tfin). We confirm that
the mass fraction becomes constant at tms ≥ tfin. We
find that as the formation time shifts later, f(tms, Tth)
becomes lower. For instance, the planetesimals formed
7Figure 3. Mass fraction f(t, Tth), defined in Equation (7),
that experienced Tmax(t) ≥ Tth and is measured at tms = 7.0
Myr for planetesimals which have radii of Rpl = 100 km and
form at tpl = 0.1 Myr to 7.0 Myr.
Figure 4. Time evolution of mass fraction F (t, Tth) defined
in Equation (8) for planetesimals with Rpl = 100 km which
formed at tpl = 0.1 Myr to 7.0 Myr.
after tpl = 2.3 Myr cannot reach 800
◦C. Also, f(t =
tms, Tth = 0
◦C) = 0 at tpl > 4.3 Myr, indicating that
the planetesimals formed later than tpl = 4.3 Myr cannot
be heated above 0◦C even at the center.
We then examine the behavior of time-integrated mass
fractions of planetesimals formed at multiple epochs.
The fraction of mass F (t, Tth) that experienced Tmax ≥
Tth for all of the formed planetesimals is given as
F (t, Tth) =
1
M2(t)
t∑
t′=tint
φ(t′)
4piρ
3
r3(Tmax(t
′) ≥ Tth).
(8)
Figure 4 shows the time evolution of F (t, Tth). It can
be seen that F (t, Tth) for Tth ≥ 800◦C increases until t '
1.5 Myr. This stems from the fact that it takes about 1
Figure 5. Time evolution of fraction ratio Fratio(t, Tth) de-
fined in Equation (9) for planetesimals ofRpl = 100 km which
formed at tpl = 0.1 Myr to 7.0 Myr.
Myr for earlier formed planetesimals to reach Tpeak(r).
On the other hand, F (t, Tth) for Tth ≥ 800◦C starts to
decreases after t = 1.5 Myr because a small or no part
of later formed planetesimals can reach higher temper-
atures than 800 ◦C (also see Figure 3). Our results also
show some spiky structures at the early times. These
are numerical noises, but do not affect our conclusions
that are derived from the later stage of the evolutions.
In this study, we examine the abundance of ordi-
nary chondrites moderately metamorphosed in ther-
mally evolving planetesimals. In order to perform di-
rect comparison among our results, we define the ratio
of F (t, Tth) as follows,
Fratio(t, Tth) ≡ F (t, Tth − 100
◦C)− F (t, Tth)
F (t, Tth = 0◦C)− F (t, Tth = 1000◦C) ,
(9)
where Tth varies from 100
◦C to 1000 ◦C.
Figure 5 shows the time evolutions of Fratio(t, Tth) for
different Tth. We find that Fratio(t, Tth) becomes al-
most constant after t = 5.0 Myr. Planetesimals formed
later than 5.0 Myr cannot contribute to the change of
Fratio(t, Tth), because they do not experience the tem-
perature higher than 100 ◦C. Accordingly, we focus on
planetesimals that form earlier than 5.0 Myr in the fol-
lowing sections, and denote Fratio(t = tms = 5.0 Myr,
Tth) as Fratio(Tth) for brevity.
We are now in a position to examine the effect of Rpl
on Fratio(Tth), which is shown in Figure 6. In this figure,
we adopt the following parameters: Rpl = 5 km - 500
km, tint = 0.1 Myr, tfin = 5.0 Myr, and the constant for-
mation rate is considered. We find that Fratio(Tth) for
larger planetesimals with Rpl ≥ 100 km are very similar,
and Fratio(Tth ≥ 600◦C) is 0.29. This means that even
if we consider the arbitrary size distribution for plan-
8Figure 6. Cumulative representation of Fratio(Tth) defined
in Equation (9) for planetesimals with the radius of 5, 10,
20, 30, 50, 70, 100, 200, 300, and 500 km. The planetesimals
form from 0.1 Myr to 5.0 Myr with a constant formation
rate.
etesimals larger than 100 km, the results do not change
very much. On the other hand, Fratio(Tth) of planetes-
imals with Rpl ≤ 50 km are different. Planetesimals
of Rpl = 50 km have Fratio(Tth ≥ 600◦C) of 0.27. For
Rpl = 10 km and 20 km, Fratio(Tth ≥ 600◦C) are 0.21
and 0.25, respectively. This indicates that smaller plan-
etesimals produce lower Fratio(Tth ≥ 600◦C) than larger
ones, reflecting the fact that they cannot reach higher
temperatures than the larger ones due to more effective
cooling from their surfaces.
It should be stressed that radius of planetesimal (Rpl)
plays an important role in thermal evolution of planetes-
imals and hence the resulting ratio (Fratio(Tth)). Also,
the results are not affected by planetesimals that form
later than 5.0 Myr.
3.4. Multiple generations of planetesimals with the size
distribution
In this section, we present the results that are obtained
from the most realistic case where planetesimals form
within the time interval between t = tint and t = tfin and
they have the size distribution from Rpl,min to Rpl,max.
Under this situation, the mass fraction of planetesi-
mals that experience a threshold temperature (Tth) or
higher is written as
F (t, Tth) =
1
M3(t)
t∑
t′=tint
φ(t′) (10)
×
∫ Rpl,max
Rpl,min
dRplnpl(Rpl)
4piρ
3
r3(Tmax(t
′) > Tth, Rpl).
Figure 7. Cumulative representation of Fratio(Tth) defined
in Equation (11) for planetesimals with size ranges of (a) all
(1 km - 500 km), (b) small (1 km - 50 km), (c) middle (60
km - 90 km), and (d) large (100 km - 500 km). The power
law index is α = 2.8 and planetesimals form from 0.1 Myr
to 5.0 Myr with a constant formation rate.
Note that r is now a function of Rpl. Then, the ratio of
F (t, Tth) can be given as
Fratio(t, Tth) ≡ F (t, Tth − 100
◦C)−F (t, Tth)
F (t, Tth = 0◦C)−F (t, Tth = 1000◦C) ,
(11)
for 100◦C ≤ Tth ≤ 1000◦C. Armed with this formula-
tion, we carry out a parameter study and examine how
Fratio(t, Tth) at t = tms is influenced by model parame-
ters of planetesimals. For brevity, Fratio(t = tms = 5.0
Myr, Tth) is denoted as Fratio(Tth). Unless otherwise
mentioned, we take the power law index α = 2.8 and
consider that planetesimals form from tint = 0.1 Myr up
to tfin = 5.0 Myr with a constant formation rate.
3.4.1. Dependence on size ranges of planetesimals
Planetesimals are likely to form with some size range
(size distribution) but not with a single size. Therefore,
we consider four size ranges; small (1 km - 50 km in
radius), middle (60 km - 100 km in radius), large (100
km - 500 km in radius), and all (1 km - 500 km in radius).
Figure 7 shows the resulting values of Fratio(Tth) for
the four size ranges. We find that the results of the
middle and large size ranges ((c) and (d) in Figure 7)
look similar. Both of them have Fratio(Tth ≥ 600◦C) =
0.29. On the other hand, the small size range (Figure 7
(b)) takes a smaller value ofFratio(Tth ≥ 600◦C) = 0.22.
As we see in the previous section, only small portion of
the planetesimal can reach higher temperatures in small
sized planetesimals. Figure 7(a) shows the ratio of all
planetesimals combined from other three ranges.
From this, we can conclude that the cumulative mass
fraction ratio of planetesimals that experience certain
temperatures depends on their size range. In particular,
9there is a significant difference between the smaller size
range (Rpl ≤ 50 km) and larger one (Rpl ≥ 60 km).
3.4.2. Dependence on onset of planetesimal formation
One of our aims in this paper is to constrain the forma-
tion time of planetesimals. In previous sections, we have
considered that planetesimals start to form at tint = 0.1
Myr. In this subsection, we see the dependence of the
results on the formation timing (tint) of planetesimals.
As shown in Figure 3, the mass fraction with higher
temperatures decreases with increasing the formation
rate. If the formation time is later than 2.0 Myr af-
ter CAI formation, there is no chance to reach 1000 ◦C.
Figure 8 shows Fratio(Tth) for the four size ranges with
onset times of planetesimal formation, tint = 0.1, 1.0,
1.5, 2.0, 2.5, and 3.0 Myr. When the onset time of plan-
etesimal formation becomes later, Fratio(Tth ≥ 600◦C)
decreases. In particular, Fratio(Tth ≥ 600◦C) in small
size range (1 km - 50 km) rapidly decreases as tint goes
later (Figure 8(b)). This is because smaller planetes-
imals cannot reach temperatures higher than 600 ◦C
when they form later (tpl = 1.5 Myr for Rpl = 10 km
and tpl = 2.5 Myr for Rpl = 50 km).
We should emphasize that the onset time of planetesi-
mal formation should be earlier than 2.2 Myr (1.2 Myr)
to contain the volume which experiences Tmax = 800
◦C for Rpl = 50 km (Rpl = 10 km). This is important
to compare our results with fall statistics of ordinary
chondrites (see §4).
3.4.3. Dependence on size distributions of planetesimals
Next we see the effect of the size distribution of plan-
etesimals. So far, we take α = 2.8 as the power-law
index of size distribution. This can be regarded as the
initial size distribution of planetesimals (Johansen et al.
2015; Simon et al. 2016). Meanwhile, α = 3.5 is known
to be the size distribution to explain the current aster-
oid belt (Morbidelli et al. 2009). We also consider α =
0 and 4.5 as extreme cases.
The results for different size distributions with α = 0,
3.5, and 4.5 are shown in Figure 9. When we compare
α = 2.8 (Figure 8 (a)) and 3.5 (Figure 9 (b)), we find a
moderate difference between them: Fratio(Tth ≥ 600◦C)
at tint = 2.0 Myr are 0.21 and 0.13 for α = 2.8 and 3.5,
respectively. For α = 0.0, which means that the num-
ber of any size of planetesimals is the same, Fratio(Tth)
is mainly determined by larger planetesimals: that is
Fratio(Tth ≥ 600◦C) = 0.28 at tint = 2.0 Myr (Figure
9 (a)). This is comparable with Fratio(Tth ≥ 600◦C) =
0.27 at tint = 2.0 Myr for α = 2.8 and Rpl = 100 km - 500
km (Figure 8 (d)). When we take α = 4.5, smaller plan-
etesimals regulate the result and Fratio(Tth ≥ 600◦C) is
lower: Fratio(Tth ≥ 600◦C) at tint = 2.0 Myr is 0.05 for
α = 4.5 at tint = 2.0 Myr (Figure 9 (d)).
The value of Fratio(Tth) depends largely on the size
distribution in the extreme case of α = 0.0 or 4.5. How-
ever, the effect of the size distribution is moderate, as
long as α ∼ 3.0.
3.4.4. Dependence on formation rate of planetesimals
In the previous sections, we have assumed that the for-
mation rate of planetesimals is constant. Here, we con-
sider that the formation rate decreases on the timescale
of τf (see Section 2.2 and Table 1).
The results for τf = 1.0 and 4.0 Myr are shown in Fig-
ure 10, where the radius of planetesimals ranges from 1
km to 500 km with the power-law index of α = 2.8.
When τf = 1 Myr, Fratio(Tth ≥ 600◦C) gets larger than
that for the constant rate (see Figures 8 (a) and 10 (a)).
This means that, when the formation rate of planetesi-
mals rapidly decreases with time, the contribution from
earlier formed planetesimals, which experience higher
temperatures, becomes stronger. For τf = 4 Myr, the
results are close to those with the constant formation
rate (see Figures 8 (a) and 10 (b)).
From these results, we conclude that there is the dis-
tinguishable difference between the results for the con-
stant formation rate and the decreasing formation rates
with short τf .
4. DISCUSSIONS
In this section, we compare our results with the abun-
dance of each petrologic type of ordinary chondrites and
discuss the formation and evolution histories of planetes-
imals.
The fall statistics of ordinary chondrites indicates that
the number abundance of each petrologic types is 5.2%
for type 3, 16.5% for type 4, 38.5% for type 5, 37.9%
for type 6, and 1.9 % for others (Grady et al. 2014).
The petrologic types of chondrites are divided by chem-
ical compositions and texture, as well as their peak
metamorphic temperature. Thus, the peak metamor-
phic temperature would not necessarily be adequate
to separate each type rigorously; especially the esti-
mated peak metamorphic temperatures are overlapped
between types 4 and 5 (Scott & Krot 2005). Neverthe-
less, in comparison to our results, we assign the following
temperatures to each type: 100 - 600 ◦C to type 3, 600 -
800 ◦C to types 4 & 5, and 800 - 1000 ◦C to type 6 (Huss
et al. 2006; Scott & Krot 2005). In our simulations,
we have computed the mass fraction of planetesimals
(Fratio(Tth)) for a variety of initial radii and formation
times of planetesimals (see Equation (11)). Although
the fall statistics is given by the number of meteorites
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(a) (b)
(c) (d)
Figure 8. Cumulative representation of Fratio(Tth) defined in Equation (11) for planetesimals with size ranges of (a) all (1 km
- 500 km), (b) small (1 km - 50 km), (c) middle (60 km - 90 km), and (d) large (100 km - 500 km). The results are shown
for the onset of planetesimal formation tint taken at 0.1, 1.0, 1.5, 2.0, 2.5, and 3.0 Myr. The power law index is α = 2.8 and
planetesimals form with a constant formation rate.
(by percentages), the statistics may represent the origi-
nal (mass) abundance in their parent bodies, as a results
of (thanks to) the huge number of meteorite samples.
Hence, we compare Fratio(Tth) with the fall statistics.
First, we find that, for all models considered in this
study, Fratio(100◦C ≤ Tth < 600◦C) is higher than
Fratio(600◦C ≤ Tth < 800◦C) and Fratio(800◦C ≤
Tth ≤ 1000◦C), meaning that type 3 ordinary chondrites
are the most abundant in our models. This result is con-
sistent with previous work (McSween et al. 2002), but
it is opposite to the fall statistics of type 3 chondrites,
whose mass fraction is much lower than those of types
4 & 5 and type 6 (Grady et al. 2014). We will discuss
this point later.
Although our model cannot reproduce the fall statis-
tics of type 3 ordinary chondrites, it is interesting to
compare our results with the observed relative abun-
dance of type 6 to types 4 & 5 chondrites. This is be-
cause these types of chondrites are dominant (90% of
all chondrites). Additionally, when thermal evolution of
planetesimals is the main cause to generate types 4, 5,
and 6 chondrites in their parent bodies, these chondrites
should have been present in deep inside of the planetes-
imals (see Figure. 1). Consequently, the relative abun-
dance of type 6 to types 4 & 5 chondrites could be a key
to specifying formation times of planetesimals and their
primordial sizes. Figure 11 represents the mass ratios
of type 6 to types 4 & 5 chondrites obtained from our
results as a function of the onset time of planetesimal
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(a)
(b)
(c)
Figure 9. Same as in Figure 8 (a) but different power law
indexes (see §3.4.3). (a) α = 0.0, (b) α = 3.5, and α = 4.5.
(a)
(b)
Figure 10. Same as in Figure 8 (a) but different formation
time scale τf (see also §3.4.4). (a) τf = 1.0 Myr and (b) τf
= 4.0 Myr
formation (see legends). In this plot, we consider some
representative cases. Note that Fratio(Tth ≥ 600◦C) be-
comes zero at tint > 2.5 Myr, thus we cannot plot the
result of tint ≥ 3.0 Myr. Table 2 summarizes our results
for the case of tint = 1.5 Myr, together with a set of
parameters.
One of our important findings is that the parent bod-
ies of ordinary chondrites must begin to form before t ∼
2.0 Myr, to produce type 6 chondrites that undergo ther-
mal metamorphism with the temperature of 800 ◦C or
higher. In other words, if formation of planetesimals
would be initiated after t ∼ 2.0 Myr, no planetesimal
could be heated high enough to contain type 6 chon-
drites, which contradicts the observational fact.
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Table 2. Relative abundance ratios of type 6 to types 4 & 5 ordinary chondrites calculated in this study.
Type 4 Type 5 Type 6 Type 6/Types 4&5 Fall or Figure & Parameters
0.18 0.41 0.41 0.69 Fall statistics
0.59 0.41 0.69 Fig. 8 (a): Rpl = 1 km - 500 km, α = 2.8
0.63 0.37 0.58 Fig. 8 (b): Rpl = 1 km - 50 km, α = 2.8
0.58 0.42 0.72 Fig. 8 (c): Rpl = 60 km - 90 km, α = 2.8
0.58 0.42 0.72 Fig. 8 (d): Rpl = 100 km - 500 km, α = 2.8
0.58 0.42 0.72 Fig. 9 (a): Rpl = 1 km - 500 km, α = 0.0
0.61 0.39 0.64 Fig. 9 (b): Rpl = 1 km - 500 km, α = 3.5
0.64 0.36 0.55 Fig. 9 (c): Rpl = 1 km - 500 km, α = 4.5
0.55 0.45 0.82 Fig. 10 (a): Rpl = 1 km - 500 km, α = 2.8, τf = 1.0 Myr
0.58 0.42 0.72 Fig. 10 (b): Rpl = 1 km - 500 km, α = 2.8, τf = 4.0 Myr
Note—Abundance ratio of each type is given for the case of tint = 1.5 Myr and is normalized by the sum of
the values for Types 4 to 6.
Figure 11. Relative abundance ratios of type 6 to types 4
& 5 ordinary chondrites. Each line comes from our results
(see legends and corresponding figures). The fall statistics
of ordinary chondrites (dashed line) with the uncertainty ±
30% (shaded region) are also shown.
It should be emphasized that the calculated mass ra-
tios of type 6 to types 4 & 5 are in agreement with the fall
statistics within the uncertainty of 30% for most of our
models when tint ≤ 2 Myr. The planetesimal formation
time of 2.0 Myr is consistent with the estimation from
our previous work for the parent bodies of the asteroid
Itokawa (Wakita et al. 2014). However, adopting tint =
2.0 Myr, the mass ratios of type 6 to types 4 & 5 from
the small size range (Rpl = 1 km - 50 km) of planetes-
imals become lower than the fall statistics (see Fig. 8
(b) in Figures 11 and Table 2). The result with α = 4.5,
wherein small planetesimals dominate the total mass,
also underproduces the fall statistics (see Fig. 9 (c) in
Figures 11 and Table 2). On the other hand, when plan-
etesimal formation begins at t ≤ 1.5 Myr, these cases can
successfully explain the fall statistics of type 6 ordinary
chondrites. Therefore, our results suggest two scenarios
Figure 12. Formation time of planetesimals and their sizes
that are consistent with the ratio of type 6 to types 4 &
5 ordinary chondrites obtained from the fall statistics. We
adopt α = 2.8 and the constant formation rate. The pa-
rameter space that can reproduce the fall statistics is shown
in the white region and the one that cannot is in the gray
region. (see Figs. 8 in Table 2).
for the formation condition of planetesimals; (1) plan-
etesimals should have started to form at t ≤ 2.0 Myr
after CAIs when their primordial sizes were larger than
60 km and/or (2) planetesimals whose size distribution
was weighted toward small radii of 1 km - 50 km should
have started to form at t ≤ 1.5 Myr after CAI formation.
These conclusions are schematically depicted in Figure
12.
Figure 11 also shows that the results for size distribu-
tions with α = 0 and 3.5 lead to a little worse agreement
with the fall statistics than that for the fiducial case with
α = 2.8 (see Fig. 8 (a), Fig. 9 (a), and (b) in Figure
11 and Table 2). However, the difference is not so large
that we cannot impose any constraint on the primor-
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Table 3. Relative abundance ratios in type 3 ordinary chondrites calculated in this study.
Types 3.0 - 3.2 Types 3.3 - 3.6 Types 3.7 - 3.9 Types 3.3-3.6/Types 3.7-3.9 Fall or Figure & Parameters
0.13 0.40 0.47 0.84 Fall statistics
0.83 0.09 0.08 1.16 Fig. 8 (a): Rpl = 1 km - 500 km, α = 2.8
0.88 0.07 0.05 1.36 Fig. 8 (b): Rpl = 1 km - 50 km, α = 2.8
0.82 0.10 0.08 1.21 Fig. 8 (c): Rpl = 60 km - 90 km, α = 2.8
0.81 0.10 0.09 1.10 Fig. 8 (d): Rpl = 100 km - 500 km, α = 2.8
0.81 0.10 0.09 1.06 Fig. 9 (a): Rpl = 1 km - 500 km, α = 0.0
0.88 0.07 0.05 1.29 Fig. 9 (b): Rpl = 1 km - 500 km, α = 3.5
0.93 0.04 0.03 1.52 Fig. 9 (c): Rpl = 1 km - 500 km, α = 4.5
0.76 0.12 0.12 1.07 Fig. 10 (a): Rpl = 1 km - 500 km, α = 2.8, τf = 1.0 Myr
0.81 0.10 0.09 1.14 Fig. 10 (b): Rpl = 1 km - 500 km, α = 2.8, τf = 4.0 Myr
Note—Abundance ratio of each subtype is given for the case of tint = 1.5 Myr and is normalized by the sum of the values for types 3.0 to 3.9.
dial size distribution of planetesimals. Meanwhile, our
results can provide some implications to the formation
rate of planetesimals (see Fig. 8 (a), Fig. 10 (a), and (b)
in Figures 11 and Table 2). When the formation rate of
planetesimals decreases slowly (τf =4.0 Myr), the mass
ratios of type 6 to types 4 & 5 can reproduce the fall
statistics relatively well (see Fig. 10 (b) in Figure 11
and Table 2). Even for the rapid (τf=1.0 Myr) case
whose result is slightly higher than the fall statistics, it
is in a reasonable range (see Fig. 10 (a) in Figure 11
and Table 2). Although the preferable formation rate of
planetesimals can be a constant one or a relatively long
formation timescale (τf = 4.0 Myr), we can not rule out
the rapid formation case (τf = 1.0 Myr).
Our results show that the mass ratios of type 6 to
types 4 & 5 are produced by the thermal evolution model
of planetesimals. However, the mass fraction of type 3
ordinary chondrites cannot be explained. As shown in
Figures 8 - 10, even if planetesimals start to form as early
as 0.1 Myr, about 70% of the total mass of the planetes-
imals cannot experience temperatures higher than 600
◦C. Therefore, to lower the abundance of type 3 chon-
drites than those of types 4 - 6 ones, planetesimals have
to be heated more than the present calculations. How-
ever, we do not know other internal sources and effective
mechanisms of heating the whole planetesimals (expect
for the decay of short-lived radionuclides).
Type 3 chondrites are divided into petrologic subtypes
from 3.0 to 3.9 based on their characteristics of ther-
moluminescence sensitivity and chemical compositions
of minerals, such as iron content of olivines (Sears et
al. 1980; Scott & Jones 1990; Scott et al. 1994; Gross-
man & Brearley 2005; Bonal et al. 2006). Although
our model cannot reproduce the abundance of type 3
chondrites relative to types 4 & 5 and type 6, it is still
Figure 13. Relative abundance ratios of types 3.3-3.6 to
types 3.7-3.9 ordinary chondrites. Each line comes from
our results (see legends and corresponding figures). The fall
statistics of ordinary chondrites (dashed line) with the un-
certainty ± 30% (shaded region) are also shown.
interesting to see what implications our results have for
the fall statistics of type 3 subtypes. It is suggested
that types 3.0 - 3.2 chondrites experienced much lower
peak temperatures than the other type 3s and that type
3.9 would have experienced almost the same tempera-
ture as type 4 (e.g., Huss et al. 2006; Cody et al. 2008;
Vernazza et al. 2014). It is very hard to distinguish
the subtypes only by their peak metamorphic tempera-
tures, but we here roughly divide type 3 subtypes into
three subgroups, assigning peak metamorphic tempera-
tures as follows: 100 - 400 ◦C for types 3.0 - 3.2, 400 -
500 ◦C for types 3.3 - 3.6, and 500 - 600 ◦C for types
3.7 - 3.9. The relative fall statistics of type 3 subtypes
are derived based on Meteoritical Bulletin Database
(http://www.lpi.usra.edu/meteor/metbull.php): 0.132,
0.398, and, 0.470 for types 3.0 - 3.2, 3.3 - 3.6, and 3.7 -
3.9, respectively. Note that we use only the samples of
type 3 ordinary chondrites that are clearly classified as
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subtypes. We summarize the normalized fall statistics
of type 3 subtypes and our results for the case of tint
= 1.5 Myr in Table 3. Our results show that the lower
numbers of type 3 subtypes are more abundant than the
higher numbers of them (i.e., types 3.0 - 3.2 > 3.3 - 3.6 >
3.7 - 3.9), which is opposite to the trend appeared for the
fall statistics (types 3.0 - 3.2 < 3.3 - 3.6 < 3.7 - 3.9). In
particular, our models predict much higher abundances
of types 3.0 - 3.2 (> 0.8) than its fall statistics (0.13,
see Table 3). Even if we take the ratio of types 3.3 - 3.6
to types 3.7 - 3.9, almost all of our results overestimate
the observed values out of the uncertainty of 30 % (Fig-
ure 13). This disagreement might partially stem from
the facts that the fall statistics of type 3 subtypes used
here are far from complete (only 1/3 of type 3 ordinary
chondrites is sorted out into subtypes) and/or that we
do not consider the heat transport through volatile ma-
terials, which would affect the abundances of the least
metamorphosed ones (types 3.0 - 3.2).
One strong possibility to account for the small fall
statistics of type 3 ordinary chondrites (as well as the
tendency that less metamorphosed type 3 subtypes are
less abundant) is impact events for planetesimals. In
this study, we assume that planetesimals do not un-
dergo any destructive processes once they formed. How-
ever, planetesimals which were not incorporated into
(proto)planets would have suffered from destructive col-
lisions with their surrounding planetesimals over the age
of the solar system. In fact, destructive collisions are one
of the important ingredients for reproducing the size dis-
tribution of the current main asteroid belt (Morbidelli
et al. 2009). When planetesimals experience destructive
collisions, materials located in their surface regions are
ejected. Such materials can potentially serve as the par-
ent bodies of type 3 chondrites due to a low level of meta-
morphism. It nonetheless can be expected that they
would not contribute to the (current) fall statistics very
much. This is because they would be probably accreted
onto nearby (proto)planets and/or be gone beyond the
solar system on a relatively short timescale. Further-
more, the removal of surface materials via destructive
collisions would increase the chance for the core region
of planetesimals to be exposed to subsequent collisions.
Given that materials in the core region can become the
parent bodies of types 4 - 6 chondrites, destructive col-
lisions can eventually enhance the possibility that types
4 - 6 chondrites fall onto the Earth as meteorites. It is
interesting that the asteroid Itokawa would be mainly
composed of types 5 - 6 chondrites, and its parent body
is considered to have been originally larger than 20 km in
radius before being catastrophically destroyed by a big
impact (e.g., Nakamura et al. 2011; Wakita et al. 2014).
Thus, the destructive collisions that planetesimals have
underwent during their long life may effectively decrease
the amount of type 3 chondrites. In other words, the fall
statistics of type 3 chondrites may hold the key infor-
mation on the collision histories of planetesimals.
5. CONCLUSIONS
In this paper, we systematically examine the thermal
evolution of planetesimals with a wide range of initial
sizes and formation times. Our numerical results show
that planetesimals can reach higher temperatures when
they form at earlier times and/or have larger initial radii.
There is a considerable difference in maximum temper-
atures between a small size range (from 1 km to 50 km)
and a larger size one (from 60 km to 90 km and/or from
100 km to 500 km) (see Figure 8).
We also examine the effect of the formation rate of
planetesimals. We found that, in the case of the contin-
uous formation of planetesimals, their mass fraction is
significantly affected by the onset time of planetesimal
formation (Figure 8). This trend is prominent when we
focus on the planetesimal mass that experiences higher
temperatures (≥600◦C). Furthermore, our results show
that planetesimals should have form within 2.0 Myr af-
ter formation of Ca-Al-rich inclusions (CAIs), in order
to produce type 6 ordinary chondrites, which would have
experienced the peak metamorphic temperature of 800
∼ 1000◦C. We also found that the ratio of type 6 to
types 4 & 5 chondrites in fall statistics can be well ex-
plained by thermal evolution models of planetesimals.
This strongly suggests that these types of chondrites are
produced mainly by thermal metamorphism inside the
parent bodies. Preferable scenarios to account for the
fall statistics are that planetesimals with radii of ≥ 60
km start to form around 2.0 Myr and/or that planetes-
imals of ≤ 50km start to form at ≤ 1.5 Myr after the
CAIs formation.
On the other hand, our thermal evolution models of
planetesimals cannot explain the fall statistics of type 3
ordinary chondrites; we predict that type 3 chondrites
are unavoidably more abundant than any of types 4 to
6 chondrites. This is against the fact that type 3 chon-
drites are the least abundant in the fall statistics. The
overabundance of type 3 chondrites could be resolved
by taking into account subsequent destructive processes
such as collisions between planetesimals. In our future
work, we will explore the effect of impact and subsequent
destruction for better understanding the formation and
evolution histories of planetesimals.
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